The regulatory gene camR on the CAM plasmid of Pseudomonas putida (ATCC 17453) negatively controls expression of the cytochrome P-450cam hydroxylase operon (camDCAB) for the camphor degradation pathway and is oriented in a direction opposite to that of the camDCAB operon. In this study, we examined expression of the camR gene by monitoring the I-galactosidase activity of camR-lacZ translational fusions in P. putida camR and camR+ strains. We found that the camR gene was autogenously regulated by its own product, CamR. Pseudomonas spp. utilize many aromatic compounds as carbon and energy sources, and some functions depend on enzymes encoded by plasmids (4). Pseudomonas putida PpG1 (ATCC 17453) was originally isolated by enrichment culture on D-camphor as the sole carbon source. As shown in Fig. 1 , the CAM plasmid of P. putida PpG1 encodes oxidative enzymes for a pathway for catabolism of camphor to isobutylate (25, 27) . The initial step of camphor degradation is oxidation of camphor to 5-exo-hydroxycamphor by a monooxygenase system, which consists of the enzymes NADH-putidaredoxin reductase (45 kDa; encoded by the camA gene), putidaredoxin (12 kDa; encoded by the camB gene), and cytochrome P-450cam (47 kDa; encoded by the camC gene) (8, 14) . The second step of degradation is conversion of the alcohol to 2,5-diketocamphane by 5-exo-hydroxycamphor dehydrogenase (80 kDa; encoded by the camD gene) (9). Genes of these four enzymes form an operon called the cytochrome P-450cam hydroxylase operon (camDCAB) (15, 16). The camDCAB operon is under negative control by camR, which is located immediately upstream of the camD gene, and shows maximal expression in the presence of D-camphor (15, 16). The camR gene is transcribed in the direction opposite to that of the camDCAB operon (2). The regulatory mechanism of expression of the camR gene remains to be clarified.
Pseudomonas spp. utilize many aromatic compounds as carbon and energy sources, and some functions depend on enzymes encoded by plasmids (4) . Pseudomonas putida PpG1 (ATCC 17453) was originally isolated by enrichment culture on D-camphor as the sole carbon source. As shown in Fig. 1 , the CAM plasmid of P. putida PpG1 encodes oxidative enzymes for a pathway for catabolism of camphor to isobutylate (25, 27) . The initial step of camphor degradation is oxidation of camphor to 5-exo-hydroxycamphor by a monooxygenase system, which consists of the enzymes NADH-putidaredoxin reductase (45 kDa; encoded by the camA gene), putidaredoxin (12 kDa; encoded by the camB gene), and cytochrome P-450cam (47 kDa; encoded by the camC gene) (8, 14) . The second step of degradation is conversion of the alcohol to 2,5-diketocamphane by 5-exo-hydroxycamphor dehydrogenase (80 kDa; encoded by the camD gene) (9) . Genes of these four enzymes form an operon called the cytochrome P-450cam hydroxylase operon (camDCAB) (15, 16) . The camDCAB operon is under negative control by camR, which is located immediately upstream of the camD gene, and shows maximal expression in the presence of D-camphor (15, 16) . The camR gene is transcribed in the direction opposite to that of the camDCAB operon (2) . The regulatory mechanism of expression of the camR gene remains to be clarified.
We report here that expression of camR is negatively controlled by its own product. The operator site of camR was determined both in vivo by measurement of ,B-galactosidase activity resulting from camR-lacZ translational fusions in a P.
putida camR+ strain and in vitro by a DNase I footprinting assay using the cell lysate of the cam repressor (CamR) * constructed by cloning the BamHI-SalI fragment containing terS from pTerS3 into the BamHI-SalI polylinker sites of pUC18. The EcoRI-PstI fragment containing terS from pSY115 was then inserted at the EcoRI-PstI sites of pJP115, yielding plasmid pJP122. To construct other plasmids containing various lengths of the 5'-flanking region of camR, DNA fragments from PstI (-118) to HincIl (-201), BalI (-218), NaeI (-288), SphI (-326), and PstI (-266) were isolated from pJP701 and then each pair of DNA fragments with the terS fragment was inserted into the EcoRI-PstI sites of pJP1 15, yielding pJP311, pJP1013, pJP411, pJP1001, and pJP913, respectively ( Fig. 2A) GTG GAC-------GGA GAT CCC GTC-----
Met Asp
Gly To prepare the DNA probe for DNase I footprinting, an SmaI site was prepared at 10 bases upstream from the native initiation codon (GTG) of CamR by site-directed mutagenesis with an oligonucleotide with the sequence 5'-TTGCCCG G.3TCGATCCGA-3' (the mismatch is underlined) (Fig. 2A ). An SphI (-326)-SmaI (-10) fragment containing the regulatory region of camR and the camDCAB operon was cloned into pUC19, yielding pHA37-1.
Site-directed mutagenesis. Mutagenesis was performed by the method of Kunkel (17) , with the Muta-Gene phargemid in vitro mutagenesis kit from Bio-Rad Laboratories. The sequences of the entire camR gene and all of the mutations were verified by DNA sequencing with Sequenase sequencing kits.
Assay of P-galactosidase. Cells were grown to the mid-log phase in L broth in the presence or absence of 5 mM D-camphor. The f3-galactosidase activity of the camR-lacZ translational fusion was determined by the Miller assay (22) . The basic promoter activities of the camR gene and the camDCAB operon were taken from the respective f3-galactosidase activities in the P. putida camR strain (TN1 126 which is CAM plasmid free). P. putida camR+ strains were cultured in the presence or absence of D-camphor, and the repression ratios were estimated from the ratio of the induced/noninduced f-galactosidase activities.
Overproduction of CamR protein in E. coli.E. coli JM83 was transformed with CamR-overproducing plasmid pHAOV1. As a control,E. coli JM83 was transformed with expression vector pUC-pL-cI. The transformants, JM83/pHAOV1 and JM83/ pUC-pL-cI, were cultured at 32°C in Terrific broth containing ampicillin (50 pLg/ml) until the optical density at 600 nm centrifugation at 100,000 x g for 60 min at 4°C, the supernatant was obtained and analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (19) with a 13% acrylamide gel. The insoluble materials were suspended in a small amount of 10 mM sodium phosphate (pH 7.4) containing 1% SDS. A portion of the suspension was boiled with the sample buffer (19) , and then the sample was also subjected to SDS-PAGE.
Repressor-operator binding. The cell lysate containing CamR was prepared from 400-ml cell cultures grown for 2 h at 42°C in the presence of D-camphor as described above. To prepare the probe for DNase I footprinting, plasmid pHA37-1 containing the SphI (-236)-SmaI (-10) fragment (Table 1) Fig. 2A . pJP4 was constructed by inserting the camR gene into high-copy-number vector pTS1036 (20 to 30 copies per cell) to express CamR. ,B-Galactosidase activities were measured by using cell lysates of these transformants cultured in the presence or absence of D-camphor (Table 2 ). In the P. putida camR strain, the 3-galactosidase activities from pJP122, pJP311, and pJP1013 were low (1 to 3 Miller units), both in the presence and in the absence of D-camphor. On the other hand, the 3-galactosidase activities from pJP41 1, pJP1001, and pJP913 were 10-fold higher than those from the former plasmids, and this phenomenon was independent of the presence of D-camphor. Moreover, in the P. putida camR+ strain, 3-galactosidase activities from the latter plasmids were inducible by camphor and their induction ratios were approximately 6 . These results indicate that the promoter-operator sites of the camR gene are located in a region between the BalI (-218) and PstI ( -266) sites ( Fig. 2A) and that expression of camR is negatively regulated by its own gene product, CamR.
Construction of a plasmid for CamR overproduction and expression of the CamR protein in E. coli. To determine the operator site of camR in vitro, a plasmid for CamR overpro-PUC-PL-CI duction, pHAOV1, was constructed by placing the camR gene under control of the PL promoter of expression vector pUC-PL-cI as described in Materials and Methods. Since the GTG codon functions less efficiently as the initiator than does the ATG codon in E. coli (5, 23, 26) , we changed the initiation codon of CamR from GTG to ATG by site-directed mutagenesis, accompanying the introduction of an NcoI site. Expression of the camR gene was induced by conventional heat treatment at 42°C. When JM83/pHAOV1 was cultured in the presence of D-camphor, a protein band with an apparent molecular mass of approximately 20 kDa, a value identical to that deduced from the nucleotide sequence of the camR gene (2) , was abundant in the supernatant but was faint in the insoluble fraction (Fig. 3, lanes 7 and 8) . In contrast, the band corresponding to CamR was abundant in the insoluble fraction but was faint in the soluble fraction from cells cultured in the absence of D-camphor (Fig. 3, lanes 5 and 6) . In E. coli cells harboring pUC-pL-cI, the band was not observed (Fig. 3, lanes  l to 4) . From the two fractions (Fig. 3, lanes 6 and 7) , we isolated the protein from the major band (molecular mass, 20 kDa) and determined the N-terminal amino acid sequence. The sequence of the N-terminal 10 residues of both protein bands was Met-Asp-Ile-Lys-Gln-Ser-Leu-Leu-His-Ala, which is identical to that deduced from the nucleotide sequence of the camR gene (2 Figure 4A and B show the protection of the coding and noncoding strands of camR, respectively. When the amount of the cell lysate was 2.5 jg or more, protection was observed on both strands and the footprints disappeared on both strands when 5 mM D-camphor was added to the reaction mixture. The determined by monitoring the 1-galactosidase activity of camR-lacZ translational fusions in vivo (Table 2 ; Fig. 2A ). It is noteworthy that CamR bound only a single region between the camR gene and the camDCAB operon. Furthermore, the location of the promoter-operator regions of the camDCAB operon was downstream (the camD side) of the XhoI ( -91) site (15) . These results show that a single repressor-binding site serves as a regulatory locus, not only for the camR gene but also for the camDCAB operon. Camphor-induced expression of the camR gene and the camDCAB operon in P. putida is presumably caused by release of the CamR repressor from the operator region, as a result of direct interference by camphor with the binding. These results also suggest that the active CamR protein was present in the cell lysate prepared from JM83/pHAOV1 cultured in the presence of D-camphor. The number of active CamR proteins remains to be determined.
Promoter activities of the camR gene and the camDCAB operon. The promoter activity of the camR gene was compared with that of the camDCAB operon by monitoring ,B-galactosidase activity. As shown in Fig. 2A ( -266 )-PstI (-118) fragment to lacZ in the direction opposite to that of pJP913. Therefore, the expression of P-galactosidase in cells harboring pJP902 is controlled by the promoter-operator of the camDCAB operon. As shown in Table 2 , in the P. putida camR+ strain, the 3-galactosidase activity from pJP902 was increased 40-fold in the presence of D-camphor. In the presence of D-camphor, the ,-galactosidase activity from pJP913 was one-third of that from pJP902 in both the P. putida camR and camR+ strains. This result suggests that the promoter activity of the camR gene is one-third of that of the camDCAB operon.
DISCUSSION
We obtained evidence that camR, a repressor gene for the cytochrome P-450cam hydroxylase operon, is autogenously regulated by CamR, its own product. To determine the operator site of the camR gene, we constructed a plasmid for overproduction of CamR and overproduced it in E. coli. When the overproducing cells were cultured in the absence of D-camphor, the CamR protein was obtained in an insoluble form. On the other hand, in the presence of D-camphor, CamR was recovered in the soluble fraction. Even when the overproducing cells were cultured in the presence of an inducer (D-camphor), the washed cell lysate contained an active CamR protein which could bind to the operator DNA in vitro. In the DNase I footprinting assay, CamR protected only a single region between the camR gene and the camDCAB operon. Binding of CamR to the region was prevented in vitro by addition of D-camphor. This region contained the 6-bp (GATATA) inverted repeat sequences, satisfying the most important feature of a repressor-binding site (7) . On the basis of the diameter of lysozyme (30 A [0.3 nm]) as a global protein (11) , the diameter of CamR with a molecular mass of approximately 20 kDa was calculated to be 33.6 A. The length of operator DNA was calculated to be 74.8 A. Also, by gel filtration, the purified CamR protein eluted as a single peak of protein with a molecular mass of 40 kDa (1). Thus, the active form of the CamR repressor would be a dimer, as is the case with the other repressors (24) .
We propose that the molecular mechanism for regulation of the camR gene and the camDCAB operon in P. putida is as follows (Fig. 5) . In the absence of camphor, the CamR protein binds to only a single region, which serves as a common operator of the camR gene and the camDCAB operon, and can repress
